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Introduction {#sec001}
============

Thiamine (also known as vitamin B~1~) is an essential water-soluble vitamin. The body cannot produce thiamine and can only store approximately 30 mg of it in skeletal muscles, brain, heart, liver, and kidneys \[[@pone.0180279.ref001]\]. Therefore, adult men and women require continuous dietary intake of approximately 1--1.2 mg of thiamine per day \[[@pone.0180279.ref002]\]. Thiamine is transported into cells mainly by two thiamine transporters (SLC19A2 and SLC19A3) \[[@pone.0180279.ref003], [@pone.0180279.ref004]\]. SLC19A2 is expressed in skeletal muscles and systemic tissues, whereas SLC19A3 is expressed predominantly in the upper intestine and the duodenum \[[@pone.0180279.ref005], [@pone.0180279.ref006]\]. Thus, thiamine is absorbed mainly at the duodenum by SLC19A3 and then transported into tissues and cells by SLC19A2 and SLC19A3. SLC19A3 has a high specificity for thiamine with a Km of 25 nM, whereas SLC19A2 has relatively low specificity for thiamine with a Km of 2.5 μM \[[@pone.0180279.ref005]\]. Thiamine is converted into the cofactor form of thiamine pyrophosphate (TPP) by a cellular enzyme, thiamine pyrophosphokinase (TPK; EC 2.7.6.2) \[[@pone.0180279.ref007], [@pone.0180279.ref008]\]. TPP is incorporated into four known mammalian enzymes in cellular metabolism: transketolase, involved in the pentose phosphate pathway; pyruvate dehydrogenase and α-ketoglutarate dehydrogenase, associated with the tricarboxylic acid (TCA) cycle; and branched chain α-keto acid dehydrogenase complex, involved in the catabolism of the three branched-chain amino acids (leucine, isoleucine, and valine) \[[@pone.0180279.ref009]\]. Thus, thiamine is critically important as a cofactor of enzymes associated with ATP generation at mitochondria via the TCA cycle.

Pyrithiamine is a thiamine antagonist that inhibits the synthesis of TPP from thiamine \[[@pone.0180279.ref010]\] and accumulates in the brain \[[@pone.0180279.ref011]\]. Experimental mouse models of acute thiamine-deficient encephalopathy have been generated by intraperitoneal injection of pyrithiamine and a thiamine-deficient (TD) diet \[[@pone.0180279.ref012]\]. These TD mice (or rats) have diminished levels of thiamine-dependent enzymes and altered cerebral energy metabolism, lactic acidosis, abnormalities in oxidative processes, brain edema, selective neuron loss, blood--brain barrier abnormalities, glutamate-mediated excitotoxicity, and astrocyte dysfunction at the vulnerable regions of the thalamus; they have been used to study the pathogenesis of Wernicke encephalopathy \[[@pone.0180279.ref012]--[@pone.0180279.ref016]\].

Biotin-responsive basal ganglia disease (BBGD), or thiamine-responsive encephalopathy, has been recently named thiamine metabolism dysfunction syndrome-2 (THMD2; OMIM 607483). THMD2 is a neurodegenerative disorder caused by mutations in *SLC19A3*, the gene encoding human thiamine transporter 2 on chromosome 2q36 \[[@pone.0180279.ref017], [@pone.0180279.ref018]\]. In 1998, Ozand *et al*. reported 10 patients with basal ganglia disease characterized by childhood-onset subacute encephalopathy, extrapyramidal symptoms, and quadriparesis with brain MRI lesions of the bilateral caudate nucleus and putamen \[[@pone.0180279.ref017]\]. These symptoms disappeared after high-dose biotin administration (5--10 mg/kg/day), and the disease was named BBGD. Molecular genetic analysis of these patients revealed that BBGD is caused by two types of missense mutations (G23V and T422A) of *SLC19A3*. Accumulation of subsequent patients with *SLC19A3* mutations revealed that the clinical features and age of onset of THMD2 are quite variable: they range from the most severe forms of neonate or infant onset Leigh-like syndrome \[[@pone.0180279.ref019]--[@pone.0180279.ref021]\] and childhood onset basal ganglia disease \[[@pone.0180279.ref018], [@pone.0180279.ref022]\], to second decade onset Wernicke's like encephalopathy characterized by epilepsy, ataxia, nystagmus, ophtalmoplegia, and MRI lesions of the medial thalamus and periaqueductal grey matter are typically affected \[[@pone.0180279.ref023]\]. The natural course of THMD2 is invariably progressive if the patients are not treated with high-dose thiamine and/or biotin, and may lead to death. These broad clinical features depend mostly on the types of *SLC19A3* mutations (i.e., the patient's genotype), but the amount of thiamine intake from milk or food could also be associated with disease onset and progression.

We previously reported four Japanese patients presenting with epileptic spasms in early infancy (2.5 months after birth), severe psychomotor retardation, and characteristic brain MRI findings of progressive brain atrophy and bilateral thalami and basal ganglia lesions caused by a homozygous mutation (c.958G\>C \[p.E320Q\]) in *SLC19A3* \[[@pone.0180279.ref019]\]. However, there is no report on how neurodegeneration develops in THMD2 over time and how the symptoms recover after high-dose thiamine administration using a mouse model of disease. To address these questions, we generated the Slc19a3 knock-in (KI) (E314Q) mice harboring the mutation corresponding to the human SLC19A3 E320Q. In this report, we performed biochemical and immunohistochemical studies of Slc19a3 KI mice and previously reported Slc19a3 knock-out (KO) mice fed with thiamine-restricted diet, and analyzed the effect of high-thiamine treatment on these mice after thiamine restriction.

Materials and methods {#sec002}
=====================

Bioethics approval {#sec003}
------------------

All study protocols, including animal housing, were reviewed and approved by the Animal Experimentation Committee of the Institute for Developmental Research, Aichi Human Service Centre (Permit number: M-13) in accordance with the Guidelines for Animal Experimentation. All efforts were made to minimize the number of animals used and their suffering.

Mouse breeding and husbandry {#sec004}
----------------------------

Slc19a3 E314Q KI mice were generated by homologous recombination ([S1 Fig](#pone.0180279.s001){ref-type="supplementary-material"}). *Slc19a3* KO mice were obtained from the Jackson Laboratory (Slc19a3^tm1Said^) \[[@pone.0180279.ref024]\]. Both strains of mice were bred with their wild-type C57BL/6J counterparts and maintained as heterozygous *Slc19a3* KI or *Slc19a3* KO in a C57BL/6J background. Mice were maintained under standard laboratory conditions (24 ± 2^°^C room temperature, 60 ± 10 relative humidity) and 12-h light (07.00 to 19.00 h)/12-h dark cycle (19.00 to 07.00 h) with *ad libitum* access to food and water. Mice were housed in groups of 2--5 per cage and were identified by ear notches. Since there are both male and female patients with TMHD2 \[[@pone.0180279.ref017], [@pone.0180279.ref025]\], we analyzed both male and female mice in this study.

Conventional, thiamine-restricted, and high-thiamine--containing food for mice {#sec005}
------------------------------------------------------------------------------

Mice were maintained routinely with conventional diet (CLEA Rodent Diet CE-2, CLEA), which has a thiamine concentration (thiamine hydrochloride, MW = 337.3) of 1.71 mg/100 g food. We prepared two types of thiamine-restricted food based on "purified diets for laboratory rodents" (AIN-93M) (Oriental BioService Inc.) \[[@pone.0180279.ref026]\], in which thiamine concentration was 0.60 mg/100 g food (35% thiamine of conventional food) or 0.27 mg/100 g food (16% thiamine of conventional food). A high-thiamine--containing food was also prepared from AIN-93M, in which thiamine concentration was five times that of CE-2 (thiamine: 8.50 mg/100 g food). Thiamine concentration was determined at Japan Food Research Laboratories.

Study design {#sec006}
------------

Littermates were generated by breeding heterozygous male mice with their female counterparts. PCR-based genotypic analysis of pups was performed at 4 weeks of age. Pups were maintained with their mother on a conventional diet until 5--6 weeks of age (i.e., just until they were weaned from milk), after which they were randomly placed in pairs of cages, each containing 2--3 mice. The onset of THMD2 in human patients occurs usually during infancy or childhood. Mice of corresponding age would be younger than the 5--6-week-old mice used in this study. However, since it is difficult to reduce thiamine intake by lactating mice, we started feeding the thiamine-restricted diet to the mice at 5--6 weeks of age. Male mice were bred separately from their female counterparts and equal numbers of mice of both sexes were used in the experiments. Groups of matched pairs of cages were blindly allocated for experiments. A schematic illustration of the timeline of thiamine treatment is shown in [S2 Fig](#pone.0180279.s002){ref-type="supplementary-material"}. Homozygous KI mice were fed with a thiamine-restricted diet for 14 days, after which they were fed with a conventional diet. Homozygous KO mice were fed with a thiamine-restricted diet for 1, 2, or 3 days, after which they were fed with a conventional diet. In the experiment with high-thiamine--containing food, mice were first fed a thiamine-restricted diet for 2, 3, or 5 days, and then returned to a high-thiamine diet; recovered homozygous KO mice were fed with a high-thiamine diet and then reverted to a conventional diet at 60 days. The clinical signs used to monitor health and welfare included little body-weight gain and lethargy; these were monitored every day during the experimental period (60 days). Preliminary experiments reproducibly showed lethargy and weight loss, with death within 1--2 days, in model mice only. Lethargic mice did not recover after thiamine treatment. Epileptic seizures involving jerky movements of the limbs were not observed. Thus, in concordance with discussions with our attending veterinarian and the Animal Experimentation Committee of Aichi Human Service Centre, we considered lethargy as the end-point of the evaluation of thiamine treatment for SLC19A3 deficiency. After the experiment, mice were euthanized in accordance with the Guidelines for Animal Experimentation. Mice numbers (n) allocated for experiments are indicated. Research staff received training in animal care, handling, and welfare, organized by the animal experimentation committee of Aichi Human Service Centre.

Determination of thiamine concentration in the blood and brain {#sec007}
--------------------------------------------------------------

Blood samples were collected by cardiac puncture and brain samples were prepared after perfusion with phosphate-buffered saline (PBS) under anesthesia with pentobarbital intraperitoneal injection (50 μg/g body weight). In cells, thiamine is converted to various thiamine derivatives, including TPP. Approximately 80--85% of thiamine in the brain is TPP \[[@pone.0180279.ref027]\]. Therefore, TPP is generally the more accurate indicator of thiamine deficiency. However, Slc19a3 transports thiamine from food into the bloodstream and then uptakes thiamine from blood into brain cells. To analyze the effect of thiamine transporter deficiency, measuring total thiamine---including the free form of thiamine, thiamine monophosphate, TPP, and thiamine triphosphate---is preferable to measuring TPP alone. For this reason, we determined total thiamine levels in the blood and brain. The concentrations of total thiamine in the blood and brain were determined by high-performance liquid chromatography (HPLC) post-label method using fluorescence detection according to Iwata *et al*. \[[@pone.0180279.ref028]\]. Briefly, 500 μL of 5% (w/v) trichloroacetic acid were added to 100 μL of blood and mixed vigorously. Brain was homogenized with four volumes of 50 mmol/L Tris-HCl (pH 7.5), and 80 μL of 32% (w/v) trichloroacetic acid were added to 320 μL of brain homogenate and mixed vigorously. The samples were centrifuged at 10,000 × *g* for 5 min, and subsequently, 40 μL of 1% (w/v) cyanogen bromide and 80 μL of 5% NaOH were added to 200 μL of the supernatant solution. After being kept for 10 min at room temperature, 50 μL of 1.5 mol/L HCl was added. The resulting samples were passed through a 0.45-μm microfilter equipped with Hydrophilic Durapore^TM^ (PVDF) (Millipore). The filtrate (50 μL) was directly injected into an HPLC system. A Tosoh ODS-100S (15 × 3.2 mm, I.D., average particle size: 5 μm) column was used as a pre-column, together with a Tosoh ODS-100S (250 × 4.6 mm, I.D., average particle size: 5 μm) column. Column temperature was maintained at 40°C. Samples were separated using the following mobile phase: 0.1 mol/L KH~2~PO~4~--K~2~HPO~4~ buffer (pH 7.0) containing 6% acetonitrile. Flow speed was set at 1.0 mL/min. Fluorescence intensities were measured with an excitation wavelength of 375 nm and emission wavelength of 430 nm with Shimadzu RF-10AXL \[[@pone.0180279.ref028]\].

Detection of neurodegeneration, mature neurons, and astrocytes {#sec008}
--------------------------------------------------------------

The three *Slc19a3* KO and KI mice in each group were perfused with PBS under anesthesia with pentobarbital intraperitoneal injection (50 μg/g). Brains were fixed in 4% ice-cold paraformaldehyde/PBS perfusion and fixed at 4°C for 12 h. Next, the olfactory bulb and cerebellum were cut off and embedded in paraffin blocks. Serial 5-μm-thick coronal sections corresponding to images 67--69 in Allen Mouse Brain Atlas (<http://www.brain-map.org/> \[[@pone.0180279.ref029]\]), and containing the submedial nucleus of the thalamus (SMT) region were cut and prepared for immunohistochemical staining using anti-NeuN (Chemicon \#MAB377; Lot.2592741; 1:100) and anti-glial fibrillary acidic protein (GFAP) (DAKO \#Z0334; Lot.096; 1:1000). Neurodegeneration was detected by Fluoro-Jade C--positive cells as described previously \[[@pone.0180279.ref030], [@pone.0180279.ref031]\]. Fluoro-Jade C staining was performed according to the manufacturer's instructions (Biosensis). To standardize the anatomical structures found in all sections, grids were set on the SMT of the thalamus (0.13-mm^2^ circle), ventral anterior-lateral complex of the thalamus (VAL, 0.2-mm^2^ rectangle), and motor field of the cerebral cortex (0.2-mm^2^ rectangle) according to a brain map \[[@pone.0180279.ref029]\]. NeuN-immunoreactive cell nuclei in the grid were counted using Image J software.

Statistical analysis {#sec009}
--------------------

One-way analysis of variance (ANOVA), two-way ANOVA, and the Steel--Dwass test were used for statistical comparisons. The data are presented as the mean ± standard error of the mean (s.e.m.), and p \< 0.05 denotes statistical significance.

Results {#sec010}
=======

Effect of thiamine restriction on the survival of WT, KO and KI mice {#sec011}
--------------------------------------------------------------------

WT, homozygous, and heterozygous KO and KI mice fed a conventional diet (thiamine: 1.71 mg/100 g) survived for over 6 months without any phenotype of disease ([Fig 1](#pone.0180279.g001){ref-type="fig"}). Homozygous KO and KI mice fed a thiamine-restricted diet (thiamine: 0.60 mg/100 g food) showed paralysis, weight loss, and immobility, and died within 12 and 30 days, respectively. Similarly, homozygous KO and KI mice fed a thiamine-restricted diet with an even lower percentage of thiamine (thiamine: 0.27 mg/100g food) died within 14 and 18 days, respectively. However, WT and heterozygous KO and KI mice fed a thiamine-restricted diet (thiamine: 0.60 mg or 0.27 mg/100 g food) survived for over 6 months without any phenotype of disease ([Fig 1](#pone.0180279.g001){ref-type="fig"}).

![Survival rates of *Slc19a3* KO and KI mice fed with a conventional (thiamine: 1.71 mg/100 g food) and thiamine-deficient (thiamine: 0.60 or 0.27 mg/100 g food) diet.\
A. Survival rates of *Slc19a3* KO mice. B. Survival rates of *Slc19a3* KI mice. Thick lines, wild type (+/+); broken lines, heterozygous (+/-); and dotted lines, homozygous mice (-/-).](pone.0180279.g001){#pone.0180279.g001}

Effect of thiamine restriction on thiamine concentration in the blood and brain {#sec012}
-------------------------------------------------------------------------------

Thiamine levels in the blood of homozygous KO and KI mice fed a conventional diet were decreased to 0.058 ± 0.051 and 0.126 ± 0.092 nmol/mL, respectively, at 7 weeks compared to WT mice (0.796 ± 0.259 nmol/mL) ([Fig 2A](#pone.0180279.g002){ref-type="fig"}). When WT and homozygous KO and KI mice were fed a thiamine-restricted diet (thiamine: 0.60 mg/100 g food), blood thiamine concentration at 5 and 14 days was markedly decreased to 0.010 ± 0.009 and 0.010 ± 0.006 nmol/mL, respectively, compared to WT mice (0.609 ± 0.288 nmol/mL) ([Fig 2A](#pone.0180279.g002){ref-type="fig"}). Thiamine concentration in brain homogenate of WT mice fed a conventional diet was 3.81 ± 2.18 nmol/g wet weight, and that of KO and KI was 1.33 ± 0.96 and 2.16 ± 1.55 nmol/g wet weight, respectively ([Fig 2B](#pone.0180279.g002){ref-type="fig"}). Notably, thiamine concentration in brain homogenate decreased steadily in KO and KI mice fed a thiamine-restricted diet (thiamine: 0.60 mg/100 g food) for 5 days (0.95 ± 0.72 nmol/g wet weight) and 14 days (1.11 ± 0.24 nmol/g wet weight), respectively, compared to WT (3.65 ± 1.02 nmol/g wet weight), before the mice presented any phenotype of disease ([Fig 2B](#pone.0180279.g002){ref-type="fig"}).

![Thiamine concentrations in the blood and brain of WT, homozygous *Slc19a3* KO, and *Slc19a3* KI mice.\
Whole blood and cerebrum homogenates of KO and KI mice were obtained at 5 and 14 days of thiamine restriction, respectively. A. Thiamine concentration in whole blood (nmol/mL). B. Thiamine concentration in cerebrum homogenates (nmol/g wet weight). Bullets, individual thiamine concentrations; and bars, mean values.](pone.0180279.g002){#pone.0180279.g002}

NeuN-immunoreactive and Fluoro-Jade C--positive neurons in the SMT of thiamine-restricted homozygous KO and KI mice {#sec013}
-------------------------------------------------------------------------------------------------------------------

To analyze thiamine-restriction--induced brain lesions in homozygous KO and KI mice, brain slice specimens of each mouse were immunostained with an anti-NeuN antibody to detect mature neurons. NeuN-immunoreactive neurons were detected uniformly in the cortex and thalamic area of WT, heterozygous, and homozygous KO and KI mice fed a conventional diet ([Fig 3C, 3D and 3G](#pone.0180279.g003){ref-type="fig"}). After 5 days of a thiamine-restricted diet (thiamine: 0.60 mg/100 g food), the numbers of NeuN-immunoreactive neurons in the SMT and VAL of homozygous KO mice decreased to approximately 50% (Figs [3E](#pone.0180279.g003){ref-type="fig"}, [4A and 4B](#pone.0180279.g004){ref-type="fig"}). After 12 days of a thiamine-restricted diet, when most of homozygous KO mice had died of thiamine deficiency, the numbers of NeuN-immunoreactive neurons were remarkably decreased over a wide area of the thalamus, including the SMT (Figs [3F](#pone.0180279.g003){ref-type="fig"} and [4A](#pone.0180279.g004){ref-type="fig"}); in homozygous KI mice, the numbers of NeuN-immunoreactive neurons in the SMT and the dorsal area of the thalamus decreased to approximately 30% (Figs [3H](#pone.0180279.g003){ref-type="fig"} and [4D](#pone.0180279.g004){ref-type="fig"}). Similarly, NeuN-immunoreactive neurons were hardly detected in the thalamic area, including the SMT and VAL, in homozygous KI mouse fed a thiamine-restricted diet (thiamine: 0.27 mg/100 g food) for 14 days (Figs [3I](#pone.0180279.g003){ref-type="fig"}, [4D and 4E](#pone.0180279.g004){ref-type="fig"}). On the other hand, the decrease in NeuN-immunoreactive neurons in the cortex was less pronounced than in the SMT or VAL ([Fig 4C and 4F](#pone.0180279.g004){ref-type="fig"}). Next, to evaluate whether thiamine deficiency indeed caused neurodegeneration, we performed Fluoro-Jade C staining. We found that thiamine-restricted diet significantly increased the number of degenerating neurons in the SMT, VAL, and cortex compared to age-matched WT mice ([Fig 5](#pone.0180279.g005){ref-type="fig"}).

![Temporal profile of NeuN-immunostaining in the hippocampus of WT, homozygous *Slc19a3* KO, and *Slc19a3* KI mice.\
NeuN-immunoreactive neurons in the submedial nucleus of the thalamus (SMT) and ventral anterior-lateral complex of the thalamus (VAL). A. Low magnification of a Nissl-stained brain slice at the level of the hippocampus (HIP). B. High-magnification overview of the specific regions of the thalamic area of a WT mouse. C. Closer view of a region contained in the inset of panel B. D--E. Brain slices of a homozygous KO mouse fed with thiamine 1.71 mg/100 g food for 12 days (D), thiamine 0.6 mg/100 g food for 5 days (E) and for 12 days (F). G--I. Brain slices of a homozygous KI mouse fed with thiamine 1.71 mg/100 g food for 14 days (G), thiamine 0.6 mg/100 g food for 14 days (H) and thiamine 0.27 mg/100 g food for 14 days (I). Scale bar, 200 μm. VPM: ventral posteromedial nucleus of the thalamus, CM: central medial nucleus of the thalamus, VM: ventral medial nucleus of the thalamus, mtt: mammillothalamic tract.](pone.0180279.g003){#pone.0180279.g003}

![Numbers of NeuN-immunoreactive neurons in the thalamic area and cortex of WT, homozygous *Slc19a3* KO and KI mice.\
The numbers of NeuN-immunoreactive neurons of homozygous KO (A) and KI (D) mice in the submedial nucleus of the thalamus (SMT) (0.13 mm^2^); homozygous KO (B) and KI (E) mice in the ventral anterior-lateral complex of the thalamus (VAL) (0.2 mm^2^); and homozygous KO (C) and KI (F) mice in the cortex (0.2 mm^2^). Mean numbers of three experiments are shown. One-way ANOVA, two-way ANOVA, and the Steel--Dwass test were used for statistical comparisons. Asterisks (\*) indicate that the numbers of NeuN-immunoreactive neurons of KO and KI mice fed with thiamine-restricted diets were significantly different from those of WT mice (first bar of each graph) at p \< 0.05.](pone.0180279.g004){#pone.0180279.g004}

![Fluoro-Jade C staining of WT, homozygous KO mice fed with a thiamine-restricted diet, and homozygous KO mice fed with a thiamine-restricted diet for 2 days and reverted to a high-thiamine diet.\
Brain slices of a WT and homozygous KO mouse fed with thiamine 1.71 mg/100 g food for 8 days, and surviving homozygous KO mice with high-thiamine diet showing the SMT (A, B, C), VAL (D, E, F), and cortex (G, H, I). Overview of the specific regions of the thalamic area of a WT mouse (J), with red boxes indicating the region of each part. Scale bar, 100 μm.](pone.0180279.g005){#pone.0180279.g005}

GFAP expression in the thalamic area of KO and KI mice after thiamine restriction {#sec014}
---------------------------------------------------------------------------------

Brains of homozygous KO and KI mice fed a thiamine-restricted diet were immunostained with an anti-GFAP antibody to analyze astrocyte activation. Immunoreactivity of GFAP remarkably increased in the bilateral thalamic area of homozygous KO and KI mice fed with a thiamine-restricted diet (thiamine: 0.6 mg/100 g food) for 12 or 14 days, compared to age-matched WT mice ([Fig 6](#pone.0180279.g006){ref-type="fig"}).

![GFAP-immunoreactive astrocytes in the ventral anterior-lateral complex of the thalamus (VAL) of WT, homozygous *Slc19a3* KO, and *Slc19a3* KI mice.\
A, C, E, G. Low-magnification images of reactive astrocytes in the thalamus of a WT mouse fed with a conventional diet at postnatal day 35 (A); a homozygous KO mouse fed with thiamine 0.60 mg/100 g food for 5 days (C) and for 12 days (E); and a KI mouse fed with thiamine 0.60 mg/100 g for 14 days (G). B, D, F, and H are high-magnification images of the VAL area (insets) shown in panels of A, C, E, and G, respectively. Scale bars, 500 μm (upper panel) and 100 μm (lower panel).](pone.0180279.g006){#pone.0180279.g006}

Effect of thiamine restriction on high-thiamine--treated KO and KI recovered mice {#sec015}
---------------------------------------------------------------------------------

After 14 days of a thiamine-restricted food (thiamine: 0.60 mg/100 g food), all homozygous KI mice that were returned to a conventional diet (thiamine 1.71 mg/100 g) showed no phenotype of disease ([Fig 7B](#pone.0180279.g007){ref-type="fig"}). In contrast, when homozygous KO mice were fed a thiamine-restricted diet for 1, 2, and 3 days and then returned to a conventional diet, all mice died within the next 24 days, except the 1-day thiamine-restricted diet mice ([Fig 7A](#pone.0180279.g007){ref-type="fig"}). For 1-day thiamine-restricted food, some mice (4/7) recovered with conventional food ([Fig 7A](#pone.0180279.g007){ref-type="fig"}). To examine the effect of high-dose thiamine on the survival of homozygous KO mice, a high-thiamine diet (thiamine: 8.50 mg/100 g food) was prepared. After 2, 3, and 5 days of a thiamine-restricted diet (thiamine: 0.60 mg/100 g food), homozygous KO mice were fed a high-thiamine diet. The high-thiamine diet rescued most of the mice (10/12) and approximately half of the mice (7/13) that were fed thiamine-restriction food for 2 and 3 days, respectively. Notably, 3/7 mice survived after 5 days of a thiamine-restriction diet. Blood and brain thiamine concentrations of rescued mice, which recovered after 2 days of thiamine restriction, were 0.232 ± 0.077 nmol/mL and 1.12 ± 0.10 nmol/g at day 28 of the high-thiamine diet, respectively. Morphological findings of the brains of surviving homozygous KO mice on a high-thiamine diet after 2 days of thiamine restriction showed a slight decrease in NeuN-positive neurons compared to WT (Figs [8A, 8B](#pone.0180279.g008){ref-type="fig"} and [4A--4C](#pone.0180279.g004){ref-type="fig"}). The number of cells with significantly increased GFAP immunoreactivity was not increased in the vulnerable regions of the thalamus ([Fig 8C](#pone.0180279.g008){ref-type="fig"}). Fluoro-Jade C staining confirmed that a high-thiamine diet prevented acute neurodegeneration ([Fig 5C, 5F and 5I](#pone.0180279.g005){ref-type="fig"}). The mean thiamine concentrations in the blood and brain of five homozygous KO mice and three WT mice fed a high-thiamine diet for 28 days after 2 days of thiamine restriction were 0.232 nmol/mL and 1.12 nmol/g wet weight, and 0.540 nmol/mL and 2.32 nmol/g wet weight, respectively.

![Survival rates of homozygous *Slc19a3* KO and KI mice fed with a conventional diet after thiamine restriction.\
A. Thirty homozygous KO mice were fed with a thiamine-restricted diet (thiamine 0.60 mg/100 g food) (dotted line). One (thick line), 2 (broken line), and 3 days (thin line) later, the diet of 7, 7, and 6 mice was reverted to a conventional diet, respectively. B. Twenty-eight homozygous KI mice were fed with thiamine 0.60 mg/100 g food (dotted line). After 14 days of a thiamine-restricted diet (thiamine 0.60 mg/100 g food), the diet of 7 homozygous KI mice was reverted to a conventional diet (1.71 mg/100 g food) (thick line).](pone.0180279.g007){#pone.0180279.g007}

![Recovery of homozygous *Slc19a3* KO mice with a high-thiamine diet after thiamine restriction.\
Homozygous KO mice were fed a thiamine-restricted diet (thiamine 0.60 mg/100 g food) for 2 days and then changed to a high-thiamine diet (thiamine 8.50 mg/100 g food) for 28 days. A. Low magnification of the NeuN-immunoreactive neurons in the thalamic area in a recovered homozygous KO mouse. B. High magnification of the inset of panel A. The submedial nucleus of the thalamus (SMT) and ventral anterior-lateral complex of the thalamus (VAL) are shown. C, GFAP immunostaining of the serial sections of B, respectively. Scale bar, 500 μm. The mean numbers of NeuN-immunoreactive neurons in the thalamic area and cortex of 3 homozygous KO mice are shown in [Fig 4A--4C](#pone.0180279.g004){ref-type="fig"}.](pone.0180279.g008){#pone.0180279.g008}

Discussion {#sec016}
==========

To evaluate the therapeutic effects and problems associated with high-thiamine treatment in THMD2, and to evaluate its pathogenesis, we performed biochemical and immunohistochemical studies of *Slc19a3* KI mice and previously reported *Slc19a3* KO mice fed a conventional, thiamine-restriction diet, or high-thiamine diet, and compared their phenotypes to those of previously reported TD mice. In the present study, we firstly demonstrated that homozygous *Slc19a3* KO and KI mice fed a thiamine-restricted diet died within several weeks with specific brain lesions. In contrast, WT and heterozygous KO and KI mice fed the same diet showed no abnormalities. Thus, homozygous KO and KI mice are useful models of *SLC19A3* deficiency (THMD2).

Homozygous KO mice first generated by Reidling *et al*. showed no phenotype of disease when fed with a conventional diet until 10 months of age \[[@pone.0180279.ref024]\]. The authors concluded that Slc19a3 is required for normal uptake of thiamine in the intestine from the following findings: 1) the blood concentration of thiamine in homozygous KO mice decreased to approximately 70% that of WT mice, and 2) thiamine uptake by intestinal epithelial cells and intestinal loops in the KO mice decreased to 20--30% that of WT mice, but biotin uptake by intestinal loops in the KO mice was not changed \[[@pone.0180279.ref024]\]. These results are consistent with a previous report that SLC19A3 is expressed predominantly at upper intestine \[[@pone.0180279.ref006]\]. In our study, thiamine concentrations in the blood of homozygous *Slc19a3* KO and KI mice fed a conventional diet (thiamine 1.71 mg/100 g) were dramatically decreased to 7% and 15%, respectively, compared to that in WT mice ([Fig 2](#pone.0180279.g002){ref-type="fig"}). These findings indicate that E320Q mutation is a pathological mutation and SLC19A3 E320Q has only a small amount of thiamine transporter activity in the intestine. However, residual transporter activity prolonged the survival of homozygous KI mice compared to homozygous KO mice when fed a thiamine-restricted diet ([Fig 1](#pone.0180279.g001){ref-type="fig"}).

The blood thiamine concentration is mainly regulated by the balance of upper intestine absorption and urinary excretion and reabsorption, and approximately 53% of thiamine is excreted through the urine \[[@pone.0180279.ref032], [@pone.0180279.ref033]\]. Urinary thiamine excretion is regulated by MATE1 and MATE2-K \[[@pone.0180279.ref034]\] and reabsorption is performed by SLC19A2 and SLC19A3 in renal epithelial cells \[[@pone.0180279.ref035]\]. Thus, decreased steady-state level of blood thiamine concentration of homozygous KO and KI mice fed with a conventional diet is strongly associated with the null or defective Slc19a3 at the upper intestine and renal epithelial cells. When homozygous KO or KI mice eat 4 g of conventional food and drink 6 mL of water per day \[[@pone.0180279.ref036]\], the mean concentration of thiamine is 11.4 μg/mL (33.8 μM) in the intestine. Since thiamine is absorbed by passive diffusion at high intraluminal concentrations (\>2 μM) \[[@pone.0180279.ref037], [@pone.0180279.ref038]\], the small amount of blood thiamine (7% that of the WT) of homozygous KO mice fed a conventional diet could be from the thiamine absorption by other transporters including Slc19a2 (Km of 2.5 μM) and passive diffusion. Differences in blood thiamine concentration in KO mice between a previous report \[[@pone.0180279.ref024]\] and this study using the same KO mice are, therefore, likely due to the thiamine content of food (previously reported mice may have been fed more thiamine-containing food than in this study). When homozygous KO and KI mice were fed a thiamine-restricted diet (thiamine: 0.60 mg/100 g food), thiamine blood concentrations decreased to approximately 1.6% that of WT, which were lethal for both mice. Therefore, there could be a minimum blood thiamine concentration (threshold) necessary for survival of mice harboring mutant Slc19a3. The presented study demonstrated that the threshold of blood thiamine concentration is between approximately 0.01 and 0.06 nmol/mL (the former is fatal for homozygous *Slc19a3* KO mice and the KO mice survive with the latter) ([Fig 2](#pone.0180279.g002){ref-type="fig"}).

The thiamine content of brain is critical for the survival of mice. TD mice show symptoms of disease when cerebral cortex and thalamus thiamine concentration is decreased to approximately 15% that of control mice \[[@pone.0180279.ref039]\]. In this study, the thiamine content of the brain was relatively conserved compared to that of blood in a thiamine-restricted diet ([Fig 2](#pone.0180279.g002){ref-type="fig"}). Approximately 80--85% of thiamine in the brain is TPP \[[@pone.0180279.ref027]\], and most of the TPP binds to apoenzymes and remains in the neuronal cells \[[@pone.0180279.ref040]\]. Therefore, thiamine content in the brain could slowly decrease in homozygous KO and KI mice when they started a thiamine-restricted diet. The percentage of brain thiamine content of the homozygous KO and KI mice vs. WT mice was 27% and 29% on days 5 and 14, respectively. It is possible that the percentage of thiamine in the brain thiamine could be less than 15% at the time of death.

The most important pathological features of TD mice are the disappearance of NeuN-positive neurons in the SMT and VAL after 11 days of TD treatment (TD11) \[[@pone.0180279.ref015]\]. Swelling of astrocytes results in the release of glutamate, increased extracellular levels of glutamate, and downregulation of astrocytic glutamate transporters GLT-1 and GLAST at the vulnerable regions of the thalamus \[[@pone.0180279.ref041]--[@pone.0180279.ref044]\]. The decreased levels of GLT-1 and GLAST were also reported in brains with Wernicke encephalopathy caused by thiamine deficiency \[[@pone.0180279.ref045]\]. These morphological and biochemical changes of astrocytes caused by injury or disease are referred to as astrogliosis. The hallmarks of astrogliosis are hypertrophy and upregulation of the intermediate filament GFAP. This is because a subset of reactive astrocytes re-enter the cell cycle and appear to revert to an immature phenotype \[[@pone.0180279.ref046]\]. The activation of astrocytes and microglial cells in the vulnerable regions of the thalamus has been reported in early stages of TD mice \[[@pone.0180279.ref047]\]. In this study, we showed that severe neurodegeneration in the SMT and VAL occurred in both homozygous KO and KI mice fed a thiamine-restricted diet (Figs [3E, 3F, 3H, 3I](#pone.0180279.g003){ref-type="fig"} and [4](#pone.0180279.g004){ref-type="fig"}). Astrogliosis and microglial activation have also observed at the vulnerable regions of homozygous KO mice ([Fig 6](#pone.0180279.g006){ref-type="fig"}, [S3 Fig](#pone.0180279.s003){ref-type="supplementary-material"}). These findings are consistent with autopsy brain findings in which significant neuronal loss and astrogliosis have been observed in two patients with THMD2 \[[@pone.0180279.ref020]\]. Taken together, the hallmarks of brain pathological findings of THMD2 and model mice are neurodegeneration, and astrogliosis caused primary by TPP deficiency and decreased activities of TPP-dependent enzymes (e.g., αKGDH in the TCA cycle) \[[@pone.0180279.ref048]\].

We found that high-thiamine--containing food has great impact on the recovery of mice fed a thiamine-restricted diet for a few days. Pathological studies showed that administration of high thiamine prevented neurodegeneration ([Fig 5C, 5F and 5I](#pone.0180279.g005){ref-type="fig"}) and astrogliosis associated with activated astrocytes ([Fig 8](#pone.0180279.g008){ref-type="fig"}). This result suggests that the affected neurons of patients with THMD2 have potential to recover, and that the high amount of TPP in the brain is essential for treatment. Therefore, patients with *SLC19A3* null mutations need a large amount of thiamine in the brain, where TPP generated from thiamine is absorbed by other factors, including SLC19A2 and passive diffusion. We also found that the recovered homozygous KO mice fed high thiamine food showed exacerbated phenotypes (i.e., the recovered mice showed similar rates of mortality as those noted in mice fed with a thiamine restricted diet), when the amount of thiamine was decreased to the amount in conventional food. This result proposes the important question that how long the patients with THMD2 should continue high dose thiamine treatment by monitoring blood thiamine concentration, or how to decrease the thiamine concentration after the recovery of the symptoms.

Mean brain thiamine concentration of 5 homozygous KO mice fed with high-thiamine food for 28 days after 2 days of thiamine restriction is 1.12 nmol/g wet weight. This concentration is approximately 48% (\>15%) of that of three WT mice (2.32 nmol/g wet weight) fed a high-thiamine diet. Brain thiamine concentration of WT mice fed a conventional and high-thiamine diet was similar, suggesting that those amounts were the upper limit of thiamine concentration in the brain. The increased thiamine (TPP) concentration of homozygous KO brains of mice fed with a high-thiamine diet could be due to the increased thiamine concentration in the blood (0.232 nmol/mL = 0.23 μM). In the brain of these mice, thiamine is possibly transported by Slc19a2 to the neurons, because passive transport of thiamine in the brain may occur when thiamine concentration is greater than 2 μM \[[@pone.0180279.ref035]\]. However, there is a possibility that passive diffusion may be affected by blood--brain barrier abnormalities \[[@pone.0180279.ref049], [@pone.0180279.ref050]\]. Thus, Slc19a2 may play an important role in the transport of thiamine in the brain of homozygous KO mice.

The newly identified exacerbated phenotype of recovered homozygous KO mice with high-thiamine diet indicates that the brain is damaged within only 2 days of thiamine restriction in KO mice and that sufficient thiamine is not incorporated into the brain after the mice are reverted to a conventional diet. Previous studies demonstrated that 1) SLC19A3 is expressed within cerebral blood vessels at the basement membrane and in perivascular pericytes \[[@pone.0180279.ref020]\]; 2) blood--brain barrier abnormalities is a characteristic feature of TD mice and rats \[[@pone.0180279.ref049], [@pone.0180279.ref050]\]; and 3) intercellular adhesion molecule 1 (ICAM-1) induction in endothelial cells of microvessels of the thalamus is the early trigger of TD-induced neurodegeneration in TD mice \[[@pone.0180279.ref051]\]. Cerebrovascular disturbance of these mechanisms may occur in KO mice with a thiamine-restricted diet. Therefore, cerebrovascular damage in KO mice is likely one of the causes of reduced thiamine uptake into neuronal cells when a high-thiamine diet is changed to a conventional diet. Significant increases of activated microglial cells have also reported in medial thalamic nuclei of TD rats prior to any evidence of increased immunoglobulin G immunostaining or significant neuronal cell loss \[[@pone.0180279.ref052]\]. CD40-positive microglia and CD40--CD40L interactions promote neurodegeneration in early stages of TD in mice \[[@pone.0180279.ref047]\]. We detected significant increases of activated microglial cells in homozygous KO mice fed with a thiamine-restricted diet for 8 days in whom neurodegeneration had occurred ([S3 Fig](#pone.0180279.s003){ref-type="supplementary-material"}). Thus, the increases of activated microglial cells are also suggestive of an exacerbated phenotype of recovered homozygous KO mice with high-thiamine diet. Further studies are necessary to clarify the molecular mechanism of early neuronal damages caused by 2 days of thiamine restriction, for example, by analyzing the proteins (e.g., Slc19a2, ICAM-1, and CD40) expressed in the brain of *Slc19a3*-deficient mice.

The results of this study are very important findings concerning the treatment of THMD2. We suggest that when patients with THMD2 recover after administration of high-dose thiamine, doctors should carefully reduce the amount of thiamine by monitoring the blood concentration of thiamine.

Supporting information {#sec017}
======================

###### Generation of Slc19a3 E314Q KI mice.

A. Schematic illustration of the construction strategy of Slc19a3 E314Q KI mice. The targeting vector contains a 3.0-kb 5\' arm containing exon 3 with a neomycin selection cassette flanked by loxP sites and a 8.1-kb 3\' arm containing exon 4--5 with the E314Q knock-in mutation (c.940G\>C, \[p.E314Q\]) in exon 4. B. Confirmation of the genome sequence of homozygous E314Q KI mice. The mutation (c.940G\>C, \[p.E314Q\]) in exon 4 was validated. The c.940G\>C substitution generated a novel *Rsa*I site (GTAC, underlined). C. Genotyping by PCR-RFLP analysis using *Rsa*I. A primer pair (sense S1: 5′-agcaacccagatccagaaaat-3′; antisense A1: 5′-acacttacctccaaatgttgc-3′) was used to amplify a part of exon 4. *Rsa*I was used to digest the 240-bp mutant (c.940G\>C) PCR product, which generated the 209- and 31-bp PCR products. Lane 1, WT; lane 2, heterozygous E314Q KI mouse; lane 3, homozygous E314Q KI mouse.

(TIF)

###### 

Click here for additional data file.

###### Schematic illustration of the timeline of thiamine treatment.

KI experiment 1: Homozygous KI mice aged 5--6 weeks were fed with a thiamine-restricted diet for 14 days and then changed to a conventional diet. KO experiments 1--3: Homozygous KO mice aged 5--6 weeks were fed with a thiamine-restricted diet for 1, 2, or 3 days and then changed to a conventional diet. KO experiments 4--6: Homozygous KO mice aged 5--6 weeks were fed with a thiamine-restricted diet for 2, 3, or 5 days and then changed to a high-thiamine diet. In KO experiment 4, recovered homozygous KO mice were reverted to a conventional diet at 60 days.

(TIF)

###### 

Click here for additional data file.

###### 

Iba1-immunopositive microglial cells in the VAL of WT (B) and homozygous KO mice (C) fed with thiamine-restricted diet for 8 days. Overview of the specific regions of the thalamic area of a WT mouse (A), with the red box indicating the region of VAL. Anti-Iba1 antibody (Wako Pure Chemical Industries, \#019--19741, 1:500) was used. Scale bar, 200 μm. Note that homozygous KO mice (C) exhibit an increase in the number of activated microglia, which have larger cell bodies and thicker processes.

(TIF)

###### 

Click here for additional data file.
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